Wzx belongs to a family of membrane proteins involved in the translocation of isoprenoid lipid-linked glycans, which is loosely related to members of the major facilitator superfamily. Despite Wzx homologs performing a conserved function, it has been difficult to pinpoint specific motifs of functional significance in their amino acid sequences. Here, we elucidate the topology of the Escherichia coli O157 Wzx (Wzx EcO157 ) by a combination of bioinformatics and substituted cysteine scanning mutagenesis, as well as targeted deletionfusions to green fluorescent protein and alkaline phosphatase. We conclude that Wzx EcO157 consists of 12 transmembrane (TM) helices and six periplasmic and five cytosolic loops, with N and C termini facing the cytoplasm. Four TM helices (II, IV, X, and XI) contain polar residues (aspartic acid or lysine), and they may form part of a relatively hydrophilic core. Thirty-five amino acid replacements to alanine or serine were targeted to five native cysteines and most of the aspartic acid, arginine, and lysine residues. From these, only replacements of aspartic acid-85, aspartic acid-326, arginine-298, and lysine-419 resulted in a protein unable to support O-antigen production. Aspartic acid-85 and lysine-419 are located in TM helices II and XI, while arginine-298 and aspartic acid-326 are located in periplasmic and cytosolic loops 4, respectively. Further analysis revealed that the charge at these positions is required for Wzx function since conservative substitutions maintaining the same charge polarity resulted in a functional protein, whereas those reversing or eliminating polarity abolished function. We propose that the functional requirement of charged residues at both sides of the membrane and in two TM helices could be important to allow the passage of the Und-PPlinked saccharide substrate across the membrane.
Lipopolysaccharide (LPS), a major component of the outer membrane of Gram-negative bacteria, plays critical roles in bacterial cell physiology (36) and in disease (53) . The structure of LPS is complex and consists at a minimum of lipid A and core oligosaccharide (OS) (42) . Many Gram-negative bacteria also have an O-specific antigen polysaccharide (or O antigen) attached to one of the terminal residues of the core OS (42) . The O antigen is the most variable portion of the LPS molecule and arises from the polymerization of discrete oligosaccharide units (42, 54) .
The biosynthesis of LPS requires many enzymes and assembly proteins and generally involves two separate pathways. One pathway results in the synthesis of the lipid A-core OS (42) , which is translocated across the inner membrane by the lipid A flippase MsbA, an ABC transporter (14, 15, 60) . The other pathway involves the synthesis and assembly of the O-antigen polysaccharide, which also begins at the cytosolic side of the inner membrane resulting in the formation of a lipid-linked molecule that is further translocated across the inner membrane. The formation of a complete LPS molecule containing O antigen is catalyzed by the O-antigen ligase WaaL (41) . LPS molecules are further translocated to the outer leaflet of the outer membrane by the Lpt transport system involving a number of inner membrane, periplasmic, and outer membrane proteins (44, 45, 48, 49) .
There are at least three known mechanisms for the assembly and translocation of lipid-linked O antigens (42, 54) . One of them involves a synthase protein that is homologous to processive glycosyltransferases for the synthesis of cellulose and chitin (24, 42) . The other mechanism requires ATP hydrolysis for the translocation step, which is mediated by a two-component ABC transporter. This mechanism was initially described for homopolymeric O antigens (42) but also occurs with heteropolymeric O antigens (38) . The third mechanism, known as the Wzy-dependent pathway (42, 54) , requires three proteins: Wzx (O-antigen translocase), Wzy (O-antigen polymerase), and Wzz (regulator of O-antigen chain-length distribution). This mechanism, used primarily for the synthesis of heteropolymeric O antigens, differs from the other two in that each O unit is separately synthesized and individually translocated across the inner membrane, while the polymerization takes place at the periplasmic side of the membrane (42, 54) . The O-antigen precursors are always synthesized as oligosaccharides covalently attached by a phospho-anhydride linkage to an isoprenoid lipid known as undecaprenyl phosphate (Und-P). The formation of the phospho-anhydride linkage is the first committed step toward the synthesis of O antigens and is catalyzed by two classes of membrane enzymes whose proto-types are WecA and WbaP (3, 26, 39, 46, 54) . Remarkably, the involvement of an isoprenoid phosphate lipid for these reactions is a common theme in nature and also appears in the synthesis of glycan precursors for cell wall peptidoglycan and in protein glycosylation in bacteria and eukaryotic cells (9, 10) . Furthermore, the Wzy-dependent pathway is functionally analogous to the initial steps of dolichol-PP-linked glycans at the endoplasmic reticulum, which are involved in protein N glycosylation (21, 54) . Indeed, a membrane protein with roughly similar features as Wzx has been identified in eukaryotic cells as the dolichol-PP-linked glycan flippase and named Rft1 (22) .
Our laboratory focuses on the characterization of the Wzydependent pathway, and we have previously shown that a single Und-PP-sugar is the minimal substrate for translocation (19, 33) . Consistent with this notion, Wzx proteins appear to recognize the Und-PP-bound sugar of the O-antigen unit, irrespective of the composition and structure of the remainder O unit (19, 33) . Based on these observations, Wzx proteins can be loosely separated among those that can function with Und-PPlinked N-acetylhexosamines versus those that can function with Und-PP-linked N-hexoses (33) . However, comparisons among Wzx primary amino acid sequences do not provide any hints on putative functional residues conserved across the members of this family. It is generally accepted that the translocation process mediated by members of Wzx and Rft1 families does not involve ATP hydrolysis (21, 54) , which agrees with the absence of features in the protein that are characteristic of ATP binding or hydrolysis domains. Another complication to investigate functionally the members of these families is the lack of solid topological models that accurately predict transmembrane helices and solvent-exposed loops. Currently, experimentally based topological models have only been established for the Salmonella enterica serovar Typhimurium group B Wzx protein (12) , and the Wzx-like protein PssL from Rhizobium leguminosarum (35) , which is involved in exopolysaccharide capsule production. However, these studies did not identify any regions or specific amino acids from the protein that could play a functional role in the translocation process. In the present study, we have experimentally characterized the topology of the Wzx protein from Escherichia coli O157 (Wzx EcO157 ) and subjected this protein to extensive mutagenesis by alanine and serine replacements targeting native cysteines and most of the aspartic acid, arginine, and lysine residues. Complementation experiments measuring the ability of each mutant protein to restore O-antigen synthesis in an E. coli K-12 ⌬wzx mutant resulted in the identification of four charged residues that are required for function, two of which occur in transmembrane helices. Additional replacement mutagenesis revealed that charge but not the nature of the residue is important for Wzx function.
MATERIALS AND METHODS
Bacterial strains, plasmids, and reagents. Strains and plasmids in the present study are described in Table 1 , and oligonucleotide primers are listed in Table 2 . Bacteria were cultured in Luria broth (LB) supplemented with antibiotics at the following final concentrations: 100 g of ampicillin/ml, 30 g of chloramphenicol/ml, 40 g of kanamycin/ml, and 80 g of spectinomycin/ml. Chemicals and antibiotics were purchased from Sigma Aldrich and Roche Diagnostics. Oligonucleotide primers were purchased from Invitrogen. Plasmids were introduced into electrocompetent cells by electroporation (16) . Green fluorescent protein (GFP) fusions, PhoA fusions, plasmids, and single replacement constructs were confirmed by sequencing analysis (York University Core Molecular Biology Facility).
Construction of an E. coli ⌬araCIBAD mutant. The deletion of the araCIBAD chromosomal genes in W3110 was performed as described by Datsenko and Wanner (13) . We generated primers composed of 40 to 45 nucleotides corresponding to regions adjacent to the genes targeted for deletion of the ara genes. The primers also contained 20 additional nucleotides that annealed to the template DNA from plasmid pKD4, which carries a kanamycin resistance gene flanked by FRT (FLP recognition target) sites. A PCR was carried out using the primers 3341 and 3342 (Table 2) , and the DNA product was introduced by electroporation into E. coli W3110(pKD46) competent cells grown in LB containing 0.5% (wt/vol) arabinose. Ampicillin-sensitive (indicating loss of pKD46), kanamycin-resistant (presence of inserted cassette) colonies were screened by PCR using primers annealing to regions outside of the mutated genes (primers 3333 and 3335, Table 2 ). The antibiotic gene was excised by introducing the plasmid pCP20 encoding the FLP recombinase. Plasmids pKD46 and pCP20 are both thermosensitive for replication, and they were cured at 42°C.
Construction of fusions to green fluorescent protein (GFP). Plasmid pCM256, encoding Wzx EcO157 fused to GFP, was constructed by PCR amplification of a 1.3-kb fragment encoding wzx EcO157 from plasmid pJV7 with the primers 252 and 3370. The PCR product was digested with EcoRI and StuI, while pBADGFP was digested with EcoRI and SmaI. The digested DNA products were ligated (rapid ligation kit; Roche Diagnostics), and the ligation mix was introduced by electroporation into DH5␣-competent cells. To construct the plasmids encoding the Wzx GFP deleted derivatives, PCR products were amplified by using pCM256 as a DNA template and primers containing StuI restriction sites (underlined in Table 2 ). A combination of primer GFP and primers K244, T288, Q301, T308, D320, K331, and G397 (Table 2) were used. The PCR products were digested with StuI and self-ligated. Plasmid pBL1 was constructed by PCR amplification of a 1.3-kb fragment encoding wzx EcO157 from plasmid pJV7, using the primers 252 and 2317. The PCR product and the vector plasmid pBADHIS were digested with NheI and XhoI, ligated, and transformed into DH5␣ as described above. pBL1 was used as a template to replace all native cysteine residues in Wzx EcO157 (residues 13, 102, 130, 434, and 449) with alanine, giving rise to pBL2, pBL3, pBL4, pML202, and pML203 (Table 1 ). The replacement of other residues in either pBL1 or pML203 was also performed by site-directed mutagenesis.
Construction of fusions to alkaline phosphatase (PhoA). The phoA gene was amplified from E. coli JM109 genomic DNA by using the primers 4771 and 4770 ( Table 2 ). The primers were designed so that only the portion of the gene encoding the mature PhoA protein was amplified. The PCR product and plasmid pBADNTF were both digested with PstI and HindIII and, after ligation, the mixture was introduced into E. coli DH5␣ cells, resulting in the isolation of pAH18 (Table 1) . A fragment of the wzx EcO157 gene in pJV7 encoding amino acids 1 to K367 was amplified by using the primers 4769 and 4772. The PCR product and pAH18 were both digested with NheI and PstI, and ligation was performed for 15 min at room temperature (using the Roche rapid ligation kit). The ligation mixture was introduced by transformation into E. coli CC118 cells, and the transformants were plated on LB-ampicillin agar with 60 g of BCIP (5-bromo-4-chloro-3-indolylphosphate [XP])/ml. Plasmids from blue colonies were isolated and sequenced with primers 252 and 4817 (Table 2) to verify the correct insertion of wzx EcO157-1-K367 into pAH18. The 4772 primer incorporated a PstI site to facilitate the cloning, which resulted in the addition of two amino acids between the K367 and the PhoA protein. One of these plasmids, encoding Wzx EcO157 -K367-PhoA(PstI), was designated pAH18-K367 PhoA(PstI) . This plasmid was used to produce further PhoA fusion constructs by inverse PCR amplifications using Pwo DNA polymerase (Roche Diagnostics), the same forward primer 4768, and the reverse primers 4764, 4766, 4767, and 4816 (Table 2 ). In this case, the primers were designed to remove the PstI site and the extra two amino acids used initially for constructing Wzx EcO157 -K367-PhoA(PstI). PCR products were phosphorylated for 30 min with polynucleotide kinase (Roche Diagnostics) and self-ligated for 15 min at room temperature (using a rapid ligation kit). The ligation mixtures were introduced into E. coli CC118 cells, and transformants were screened for blue-colony phenotypes in XP-ampicillin plates. DNA sequencing with the primers 252 and 4817 confirmed the presence of in-frame fusions.
Alkaline phosphatase assay. To quantify alkaline phosphatase activity, 1:100-diluted overnight cultures were grown for 4 h at 37°C in LB with ampicillin and 0.02% (vol/vol) arabinose, harvested, lysed, and assayed as described previously (29) with the addition of 1 mM iodoacetamide in all buffers. E. coli CC118 cell lysates were used as a negative control.
Microscopy. An overnight culture of CLM74 cells containing the plasmids encoding the GFP fusion proteins ( (Table 2) supplemented with 100 g of ampicillin/ml were diluted in LB medium (250 ml) to an OD 600 of 0.2; when the OD 600 reached values between 0.6 and 0.7, protein expression was induced with 0.1% arabinose. After a 3-h induction, bacteria were harvested at 3,300 ϫ g for 15 min, washed twice with 0.1 M sodium phosphate buffer (pH 7.2), and resuspended in 8 ml of the same buffer. At this point, the bacterial suspension was divided into two 4-ml aliquots to proceed to the biotinylation steps (8) . One aliquot was pretreated with 0.5 mM [2-(trimethylammonium)ethyl] methanethiosulfonate bromide (MTSET; Toronto Research Chemicals, Inc., Toronto, Ontario, Canada) for 10 min at room temperature. Both aliquots were then treated with 0.5 mM N ␣ -(3-maleimidylpropionyl)biocytin (biotin maleimide, BM; Invitrogen) for 60 min at room temperature, with constant rocking. The reaction was terminated by addition of 350 l of 2% (vol/vol) 2-mercaptoethanol in 0.1 M sodium phosphate buffer (pH 7.2). Treated cultures were then washed twice with 20 ml of phosphate buffer and resuspended in a final volume of 3 ml of the same buffer containing protease inhibitors (Complete Cocktail inhibitor; Roche Diagnostics). Cells were lysed in two passes at 15,000 lb/in 2 using a French press, lysates were centrifuged at 39,000 ϫ g for 15 min, and the supernatant was sedimented at 280,000 ϫ g for 30 min. The pellet, containing total membranes, was resuspended in 80 l of 20 mM Tris-HCl buffer (pH 8) plus protease inhibitor, and the membranes were solubilized for 4 h with 0.5% Triton X-100 in 20 mM Tris-HCl buffer (pH 8) and 8 M urea (pH 8). To label membrane vesicles, total membranes were resuspended in 2 ml of 0.1 M sodium phosphate buffer (pH 7.2), treated with 0.4 M dithiothreitol (DTT; Sigma Chemical Company) for 10 min, and centrifuged at 280,000 ϫ g for 30 min. The membrane pellets were resuspended in 500 l of 0.1 M sodium phosphate buffer (pH 7.2) and divided into two aliquots of 25 l each. The volume was brought up to 1 ml with the same buffer, and one aliquot was pretreated for 30 min at room temperature with 125 mM MTSET. Both aliquots were incubated with 0.5 mM BM for 60 min as described for whole cells. The reaction was terminated by addition of 83 l of 2% (vol/vol) 2-mercaptoethanol in 0.1 M sodium phosphate buffer (pH 7.2), and the membranes were sedimented again. Membrane proteins were solubilized in 0.5% Triton X-100 as described above.
Isolation of His-tagged protein. Solubilized samples were spun at 39,000 ϫ g for 45 min to remove insoluble material. The supernatant was mixed with 100 l of Ni-bound chelating Sepharose Fast Flow resin (GE Healthcare), equilibrated with wash buffer (20 mM Tris-HCl, 300 mM NaCl, 100 mM imidazole, 8 M urea [pH 8]), and the mixture was incubated for 2 h at room temperature with gentle mixing. The resin was spun down at 1,000 ϫ g for 2 min, the supernatant was aspirated, and the protein-loaded column was washed three times with 1 ml of wash buffer. Wzx EcO157 was eluted by incubating the resin with 70 l of elution buffer (20 mM Tris-HCl, 300 mM NaCl, 300 mM imidazole, 8 M urea, 0.5% Triton X-100 [pH 8]) for 15 min. Elution fractions were incubated for 30 min at 45°C, separated by SDS-14% PAGE, and transferred to nitrocellulose membranes that were reacted with anti-FLAG monoclonal antibodies (Sigma). Biotinylated proteins were detected by incubation with IRDye 800-streptavidin (Rockland, Gilbertsville, PA). LPS analysis. LPS was prepared as previously described (31) from cells grown on LB plates with 0.1% (wt/vol) arabinose, and the samples were separated using 14% (wt/vol) Tricine SDS-PAGE. Gels were stained with silver nitrate as described previously (31, 34) . Densitometry of silver stained gels was performed using the program ImageJ (1). Three regions of the gel were considered for the quantitative analysis: the bands in the polymeric O antigen region, the band of lipid A-core OS plus one O antigen unit, and the lipid A-core OS band. The relative amount of O antigen expression was determined by adding the pixels corresponding to the polymeric O antigen region of the gel (previously subtracted from background pixels) to the pixels corresponding to the lipid A-core OS plus one O antigen unit and dividing this value by the pixels of the lipid A-core OS band. The results were expressed as percent values relative to the positive control (100%).
Protein analysis. Total membranes were prepared from cells grown under the conditions described above for preparation of the LPS samples. Bacterial cells were suspended in 20 mM Na 2 PO 4 (pH 7.2) plus protease inhibitors (Complete Tablets; Roche Diagnostics), and they were lysed by sonic disruption for two 15-s pulses (Branson). Total membrane fractions were obtained by centrifugation of the lysates for 40 min at 40,000 ϫ g, and the pellet was resuspended in the same buffer. The protein concentration was measured by using a Bradford protein assay (Bio-Rad). Portions (20 to 40 g) of total membrane proteins were incubated for 30 min at 45°C, separated on by SDS-14% PAGE, and transferred to nitrocellulose membranes that were reacted with one of the following: anti-FLAG polyclonal rabbit antibodies (Rockland), anti-FLAG monoclonal antibodies (Sigma), or anti-GFP monoclonal antibodies (Roche Diagnostics). The reacting bands were detected by determining the fluorescence with an Odyssey infrared imaging system (Li-Cor Biosciences) using IRDye800 CW affinity-purified anti-rabbit IgG antibodies (Rockland) and Alexa Flour 680-labeled antimouse IgG antibodies (Invitrogen).
RESULTS
Topological analysis of Wzx EcO157 by the substituted cysteine accessibility method. We attempted to establish a working topological model for Wzx EcO157 using commonly used algorithms that predict the number and location of transmembrane helices and the orientation of the intervening loops (17, 37) . The programs HMMTOP (52), MEMSAT (23), TMHMM (50) , and Octopus (55) predicted 12 TM helices with six periplasmic and five cytoplasmic loops, while TOPPRED (11) predicted only 10 TM helices with five periplasmic and four cytoplasmic loops (Fig. 1) . All of the programs predicted that the N terminus and C terminus of the protein were located in the cytoplasm. However, even with the programs predicting the same number of TM helices, each of the models obtained differed in the length and orientation of periplasmic and cytoplasmic loops, particularly in the region between amino acids 260 and 425 (Fig. 1, square) . Given the difficulties in producing a reliable topological model for Wzx EcO157 by computer pre- dictions, we resorted to using SCAM (substituted cysteine accessibility method [8] ). The native Wzx EcO157 protein contains five cysteines at positions 13, 102, 130, 434, and 449, which were all replaced by alanine in a sequential manner, resulting in Wzx EcO157 forms with one or more cysteine replacements. These proteins were engineered to contain an N-terminally fused FLAG epitope for detection by Western blotting and a C-terminal 7ϫHis to facilitate their isolation by Ni 2ϩ -affinity chromatography after labeling with biotin maleimide (see below). To determine whether these proteins support O antigen expression, we prepared LPS samples from CLM17(pMF19) bacteria containing the appropriate plasmid constructs. We have demonstrated earlier that the Wzx EcO157 protein can restore O16 antigen synthesis in the ⌬wzx EcO16 mutant with the same efficiency as Wzx EcO16 (33) . The pMF19 plasmid contains the wbbL gene encoding a rhamnosyltransferase that allows for the completion of O16 LPS synthesis in the E. coli K-12 W3110 strain and its derivatives (19, 28, 33) . The Wzx EcO157 mutant proteins lacking one or more native cysteines ( Fig. 2A, lanes 3  to 7) supported O-antigen production with the same banding pattern characteristics as the one mediated by the parental Wzx EcO157-FLAG-7xHis protein (Fig. 2A, lane 2) . Cells expressing mutant proteins containing quadruple or quintuple cysteine replacements also exhibited a small reduction in the amount of polymeric O antigen ( Fig. 2A, lanes 6 to 7) . This reduction could be due instability of the mutated protein in the membrane. However, all of the proteins were found at roughly the same level in the membrane fractions (Fig. 2B, lanes 2 to  7) , and our method to prepare membrane fractions affords a mixture of outer and inner membrane proteins with negligible contamination of cytoplasmic proteins (4-6, 26, 32, 33, 56) . Therefore, the experimental results demonstrate that replacing all of the native cysteines in Wzx EcO157-FLAG-7ϫHis does not , and quintuple (wzx-5xC Ϫ ) cysteine-less constructs. The characteristics of the plasmids pBL1, pBL2, pBL3, pBL4, pML202, and pML203 are indicated in Table 1 . (A) LPS was prepared from cultures induced with 0.2% (wt/vol) arabinose. Samples were separated on a 14% Tricine gel, and the gel was stained with silver nitrate. (B) Total membranes were prepared from CLM74 cells containing the various constructs and vector control. Portions (20 g) of protein were separated on a SDS-14% PAGE, transferred to a nitrocellulose membrane and the blot was incubated with anti-FLAG rabbit polyclonal antibodies. The specific bands were detected with fluorescence using Alexa Fluor 680-labeled anti-mouse IgG antibodies and IRDye 800 CW-labeled anti-rabbit IgG antibodies. M, broadrange prestained SDS-PAGE standard (Bio-Rad).
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significantly affect protein expression, membrane localization, and O-antigen production. We used the Wzx EcO157-Cys-less protein to introduce novel cysteine replacements at various positions for topological analysis (Table 2 and Fig. 3 ). All replacements resulted in proteins that were detectable by Western blotting with anti-FLAG antibodies, confirming that the cysteine replacements are well tolerated and do not affect protein stability or targeting to the plasma membrane (data not shown). The accessibility of the novel cysteines to the sulfhydryl reactive reagent biotin maleimide was determined by incubating whole cells with the label, followed by treatment with excess ␤-mercaptoethanol before bacterial cell lysis. This treatment prevents the labeling of any cysteine that could become exposed to biotin maleimide during cell fractionation. Biotin maleimide is membrane permeable and reacts with thiol groups that are next to water molecules since the reaction with an ionized thiol group requires a water molecule as a proton acceptor (8) . Therefore, cysteines buried in the core of the hydrophobic transmembrane segments are usually not labeled (8) . Cysteine-substituted K144, K367, R298, H209, and D277 were accessible to biotin maleimide (Fig. 4A, lanes 3, 7, 9 , 11, and 13), suggesting that these residues are exposed to the labeling reagent ( Fig. 2 and Table 2 ). In contrast, the parental Wzx EcO157-Cys-less and the cysteinesubstituted forms at P313, F293, and P306 positions were not labeled (Fig. 4A, lanes 1, 5, 15 , and 17), indicating that these residues are not exposed to biotin and suggesting that they are in close proximity to the inner membrane or buried within the membrane bilayer. Similarly, cysteine substitutions at positions K244, D320, R324, and K331 were not labeled in whole cells (Table 2 and data not shown).
To determine whether the labeled amino acids were located at the periplasmic face of the inner membrane we used MTSET, a charged thiol-specific probe that reacts with sulfhydryl groups under similar conditions as biotin maleimide but is impermeable to the cytoplasmic membrane due to its positive charge (8) . Incubation of whole bacterial cells with MTSET prior to treatment with biotin maleimide prevents labeling of periplasmic cysteines (26) . Accordingly, pretreatment with MTSET prevented the labeling with biotin maleimide of cysteine-substituted K144, K367, R298, His209, and D277 residues (Fig. 4A, lanes 4, 8, 10, 12, and 14) , suggesting that these residues are exposed to the periplasmic face of the inner membrane. These results agree with the control experiment using WecA S362C (not protected by MTSET) and WecA G181S (protected by MTSET), which contain cysteine replacements in cytosolic and periplasmic residues, respectively (26; data not shown).
Despite the fact that biotin maleimide is supposed to be membrane permeable, we could not confirm by labeling in (27) . The residues spanning predicted TM helices are enclosed in dotted boxes. The numbering of periplasmic and cytosolic loops is shown. Small square boxes (in red) and circles indicate residues whose replacement affects and does not affect O-antigen production, respectively. Black-filled small squares and circles indicate the residues labeled with biotin-maleimide; gray-filled circles indicate residues that did not react with biotin-maleimide. Rectangular boxes and underlined residues indicate the endpoint of the GFP (green) and PhoA (blue) fusions. Filled boxes indicate fusions that were positive for fluorescence or alkaline phosphatase activity, as applicable, and clear boxes indicate those that did not fluoresce or were enzymatically inactive.
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on October 15, 2017 by guest http://jb.asm.org/ whole cells the location of cysteine-substituted residues at positions K244, D320, R324, and K331, which were all expected to be in the cytosolic loops 3 and 4 ( Fig. 3) . To resolve the location of these residues, we performed the labeling experiment on isolated membrane vesicles. This strategy permitted us to biotinylate all periplasmic and cytoplasmic exposed residues. Cysteine-substituted proteins at D320, K331, K367, and R324 positions were labeled with biotin, but labeling was prevented by MTSET (Fig. 4B, lanes 3 to 10) , indicating that these residues are surface exposed. From these, the cysteine-substituted K367 residue was the only one that could be labeled in whole cells and also in membrane vesicle preparations, and in both cases labeling was prevented by pretreatment with MTSET ( Fig. 4A and B, lanes 7 and 8) . Therefore, this residue is unequivocally located in the predicted periplasmic loop 5 (Fig. 3) . Because cysteine replacements at D320, K331, and R324 could not be labeled with biotin maleimide upon treatment of whole cells (Table 2 and data not shown) but were detectable in membrane vesicles (Fig. 4B , lanes 3 to 6, 9, and 10), we concluded that these residues are exposed to the cytoplasmic face of the inner membrane. Vesicles prepared from cells expressing the Cys substitution at Phe264 did not react with biotin maleimide (Fig. 4B, lanes 1 and 2) , nor did vesicles containing Wzx proteins with replacements at P254, G286, F293, P306, and P313 (data not shown). From these, cysteines at positions P254, P306, and P313 were also not labeled in whole cells ( Table 2 ), suggesting that they are buried in the membrane. G286 and F293 span an 18-amino-acid (from F279 to T296) region containing hydrophobic residues flanked by D277 and R298, which were both mapped to the periplasmic space (Fig. 3) since they strongly react with biotin maleimide and labeling is prevented by MTSET in whole cells (Fig. 4A,  lanes 9, 10, 13, and 14) . Therefore, it is unlikely that this region can form a transmembrane helix, but it could still have a secondary structure that would prevent access to biotin maleimide for labeling, as we have previously shown for an analogous short hydrophobic region within the large cytoplasmic loop 5 of WecA (26) . Together, the SCAM results allowed us to construct an experimentally supported topological model of Wzx EcO157 (Fig. 3) . Additional topological analysis by targeted fusions to GFP and alkaline phosphatase. To get additional evidence for the topological assignments from the SCAM, we constructed a Wzx EcO157 derivative C-terminally fused to GFP (encoded by pCM256, Table 1 ), a reporter that can only fluoresce if present in the cytosol (18) . As before, the Wzx EcO157 protein expressed from pCM256 also contains an N-terminal FLAG epitope. The Wzx EcO157 -GFP fusion protein afforded an ϳ80-kDa polypeptide band in Western blots of total membrane preparations reacted with anti-GFP and anti-FLAG antiserum, indicating that Wzx is correctly fused to the GFP protein and that is also in the membrane fraction (Fig. 5A , lanes 4 and 6, black arrowheads). In contrast, the membrane fraction from E. coli cells expressing the parental Wzx EcO157-FLAG-7xHis shows an ϳ53-kDa band that is only detectable with anti-FLAG antibodies (Fig. 5A, lane 5 , white asterisk), in agreement with the predicted mass of this protein. As a control, we detected a 27-kDa band corresponding to soluble GFP in the cell lysate from DH5/pBADGFP (Fig. 5A, lane 1, asterisk) . Additional bands of large molecular mass reacting with either anti-GFP or anti-FLAG antibodies are also detected (Fig. 5A, lanes 1 and 4 to  6 ). These were likely oligomeric forms of Wzx (lanes 4 to 6) and GFP (lane 1) due to the incomplete denaturing conditions used to prepare the samples. Complete denaturation including treatment of the samples by heating at 100°C in SDS prevents the detection of membrane proteins in SDS-PAGE, since we have previously observed with various membrane proteins containing multiple transmembrane helices (26, 41, 51, 56) , including several other Wzx proteins (33) .
Using the wzx EcO157 -gfp gene encoded in pCM256 as a starting point, various deletions were constructed that resulted in C-terminally truncated forms of Wzx EcO157 remaining C-terminally fused to GFP. The deletion-fusion endpoints chosen corresponded to amino acids K244, T288, Q301, T308, D320, K331, and G397 of the native Wzx EcO157 protein (Table 1) . These endpoints were chosen to help resolve the topology of the most difficult part of Wzx EcO157 , where most of the prediction programs differed (Fig. 1,  square) . The expected fusion was produced by all plasmid constructs, as suggested by the detection with anti-GFP antibodies of polypeptide bands of decreasing molecular mass, ranging from 80 kDa for the parental Wzx EcO157-GFP (Fig.  5B, lane 1) to 55.3 kDa for Wzx EcO157-K244-GFP (Fig. 5B,  lane 8) . The plasmids encoding parental and deleted versions of Wzx EcO157 -GFP fusions were introduced into the E. coli cells CLM74 by electroporation. CLM74 has a deletion of the araCIBAD chromosomal genes (Table 1) , which reduces the toxic effects of arabinose and its metabolites on E. coli K-12 strains (43). We have observed that arabinose toxicity affects cell growth and leads to altered cell morphologies upon membrane protein expression driven by cloned genes under the control of arabinose-inducible promoters (data not shown). Bacterial cells expressing parental Wzx EcO157 -GFP displayed fluorescence around the cell periphery detectable after a 0.85-s exposure to UV light (Fig. 1D) , confirming the prediction that Wzx is in the membrane with the C terminus facing the cytosol (Fig. 3) . Cells expressing Wzx EcO157-K244-GFP , Wzx EcO157-K331-GFP , and Wzx EcO157-G397-GFP (Fig. 5C ) also displayed fluorescence around the periphery but with less intensity (samples exposed for 3 s to be able to detect a fluorescent signal), suggesting that residues K244, K331, and G397 are exposed to the cytosol. The cytosolic locations of K244, D320, and K331 agreed with the SCAM data ( Fig.  3 and 4) . Also, these results support the assignment of R324 at the cytoplasmic side of the membrane given its proximity to D320 and K331 (Fig. 3) .
In CLM74 cells expressing Wzx EcO157-D320-GFP , Wzx EcO157-Q301-GFP , and Wzx EcO157-T308-GFP the fluorescence was very faint, requiring 4-s exposures, and also present within the cell bodies, while cells expressing and Wzx EcO157-T288-GFP did not fluoresce even after longer exposure (Fig. 5D and data  not shown) . We interpreted these results as an indication that residues D320, Q301, T308, and T288 are not exposed to the cytosol. To verify this, we performed similar deletion-fusion experiments using the alkaline phosphatase PhoA as a reporter for periplasmic localization. This protein can only fold properly and therefore becomes enzymatically active if exported to the periplasmic space (30) . Although we originally intended to obtain protein fusions at endpoints identical to those for GFP fusions, this was only achievable in some cases, while in others only small in-frame deletions were recovered that resulted in fusions to nearby residues. Also, despite numerous attempts we could not obtain a Wzx EcO157 -PhoA C-terminal fusion, concluding that this fusion is probably toxic to E. coli cells (data not shown). E. coli CC118 cells (Table 1) containing plasmids encoding Wzx EcO157 -PhoA fusions with deletion-fusion endpoints at amino acids W139, T288, V360, and K367 gave a strong blue-colony phenotype in XP plates (data not shown). In agreement with these results, cell-free lysates of CC118 bacteria expressing PhoA fusions at W139, T288, V360, and K367 yielded 10,754 Ϯ 390, 1,372 Ϯ 75, 3,288 Ϯ 237, and 3,134 Ϯ 170 U of alkaline phosphatase activity, respectively, suggesting that these residues are exposed to the periplasmic space. This agrees with data obtained from the SCAM method for residues at the fusion endpoint (K367) or for residues near those experimentally determined as exposed to the periplasm (W139 near K144 and V360 near K367; Fig. 3 ) and also with the absence of GFP-mediated fluorescence in the case of T288-GFP fusion. In contrast, expression of the Wzx EcO157-F242-PhoA fusion only afforded white colonies, and cell-free lysates had no enzymatic activity. F242 is near K244, based on GFP fusion data, and SCAM can unequivocally be placed in cytoplasmic loop 3 (Fig. 3) . Thus, the combination of fusion experiments with GFP and PhoA reporters and the SCAM methods confirmed the topological assignment of Wzx EcO157 (Fig. 3) as a membrane protein with 12 TM helices, 6 periplasmic and 5 cytoplasmic loops, and the C terminus in the cytosol (Fig. 3) . Identification of functional residues in Wzx EcO157 . We investigated whether any of the cysteine-substituted Wzx EcO157 mutants was unable to support O-antigen surface expression in vivo using CLM17(pMF19). Bacteria containing Wzx EcO157 proteins with cysteine replacements at K244, K331, K367, and K402 showed a moderate reduction in surface O-antigen production, ranging from 60 to 90% compared to cells expressing the parental cysteine-less Wzx EcO157 (Table 3 and data not shown). Substitutions P313C, D320C, and K176C resulted in proteins greatly compromised in their ability to support Oantigen production, as demonstrated by a reduction in surface O antigen ranging from 30 to 50% relative to levels in the parental strain (Table 3 ). In the case of the Wzx EcO157 mutant R298C, there was no O-antigen production ( Table 3 ). The differences in O-antigen production observed in these mutant proteins were not due to lack of protein expression, as confirmed by Western blotting with anti-FLAG antibodies (data not shown). That the mutant proteins were detected in total membrane fractions suggests that they are sufficiently similar to the parental derivative to least be inserted in the membrane, although we cannot rule out localized changes in the secondary structure. Because the cysteineless form of Wzx EcO157 mediated a somewhat reduced production of O antigen compared to the parental protein with its native cysteines ( Fig. 2A, compare lanes 2 and 7) and the replacement of a native amino acid by a cysteine at certain positions could lead to local structural changes due to differences in hydrophobicity and the oxidation state of the SH Ϫ side chain, we reconstructed the cysteine substitutions that caused a functional defect in Wzx EcO15 as alanine or serine replacements in the parental protein. Alanine and serine are usually much better tolerated since, because of their small mass, they generally cause only minor conformational changes in the protein structure (7) . Also, serine favors the formation of loops (25) and therefore would not be expected to alter the extracellular loops of Wzx EcO157 . Using this approach, we confirmed that only Wzx EcO157-D326A and Wzx EcO157-R298A were functionally impaired in mediating O-antigen production showing 60% and no O antigen, respectively (Fig. 6A, lanes 9 and 15) , while the rest of the replacements did not compromise Wzx EcO157 functionality.
Charged residues are rarely found in the interior of transmembrane helices (57) . Therefore, we also investigated the functional contribution of the charged residues D85, K159, D385, and K419 in transmembrane helices 2, 4, 10, and 11, respectively. We also investigated the functional role of Q223 and Q267 in transmembrane helices 6 and 7, since residues at analogous positions are important for the function of the LacY permease (2), a prototypic member of the major facilitator superfamily. As shown in Fig. 6B , lanes 3 and 8, only D85 and K419 are required for Wzx EcO157 function since the mutant proteins Wzx EcO157-D85A and Wzx EcO157-K419S were unable to mediate O-antigen production. The lack of function was not 
a Bacteria were transformed with derivatives of pML203 expressing the cysteineless version of Wzx EcO157 carrying single cysteine substitutions at the indicated location. Biotinylation was performed in whole cells and membrane vesicles (see data in Fig. 4) . Biotinylation of membrane vesicles, combined with or without treatment with the blocking reagent MTSET, allowed us to determine the cytoplasmic location of amino acid residues, as described in Results. ND, not determined.
b That is, the O-antigen surface expression based on complementation experiments with the strain CLM17/pMF19 (see data in Fig. 5 ). P, periplasm; C, cytoplasm; TM, transmembrane helix. See also Fig. 2 for a graphical location. c LPS O antigen was quantified by densitometry as described in Materials and Methods, and the relative expression values are indicated as the percentage of the expression found in cell lysates of CLM17/pMF19 containing the positive control plasmid pML203, which were included in each gel. due to loss of protein expression since all mutant proteins were produced at similar levels by Western blotting (data not shown). From these experiments, we concluded that residues D85, R298, D326, and K419 are required for the normal function of Wzx EcO157 .
To gain more information on the role of these residues, we constructed additional replacement mutants geared to cause charge modifications. Thus, D85 and D326 were also replaced with glutamic acid and arginine, R298 was replaced with aspartic acid and lysine, and K419 was replaced with arginine and aspartic acid. The plasmids expressing the replaced proteins were examined for their ability to support O antigen production in CLM17(pMF21) bacteria. Only substitutions preserving the net charge at each residue were functional (Fig. 7) , while substitutions causing a charge reversal were not functional as with the control replacements to alanine or cysteine. From these experiments, we conclude that the net charge of these residues is crucial for Wzx EcO157 activity.
DISCUSSION
A combination of deletion and fusions to the GFP and PhoA proteins as topology probes and biotin-maleimide labeling of cysteine replacement mutants allowed us to construct an ex- With the programs we used, the periplasmic loops containing hydrophobic residues correspond to the part of the protein that are most difficult to predict topologically in a consistent manner. Similar features appear in the topological models of Wzx proteins from S. enterica (Wzx Se ) (12) and R. leguminosarum (PssL) (35) . In both proteins there are also four transmembrane domains, each containing lysine or arginine residues, and two periplasmic loops with short stretches of hydrophobic amino acids. The only major difference between these proteins and Wzx EcO157 is that R. leguminosarum PssL has a larger cytosolic loop between TM helices 6 and 7, which is absent in the E. coli O157 and S. enterica homologs. Paulsen et al. (40) have classified proteins involved in lipid-linked saccharide transport into one family with two subclasses based on the presence of the large predicted cytosolic loop. However, it remains unclear whether this has any functional significance and, unfortunately, it has not been possible to obtain R. leguminosarum pssL mutants (35) .
As an attempt to identify functional amino acids, we utilized alanine and/or serine replacement mutagenesis, taking advantage of the topological model. We were particularly interested in targeting the charged residues in TM helices and also residues in periplasmic and cytosolic loops. Each mutant protein was examined for expression and localization to the inner membrane. We have found with other membrane proteins, such as WecA and WaaL, that mutations affecting protein insertion in the membrane result in no detectable protein. By these criteria, we assumed that all of the replacement mutants behave identically to the parental Wzx EcO15 , although small local changes could not be identified. Only D85, R298, D326, and K419 yielded nonfunctional proteins when replaced by alanine. Furthermore, conservative replacements at these positions demonstrated that the charge, but not the nature of the targeted amino acid, is critical to retaining the ability of Wzx EcO157 to support O-antigen production. These results suggest that residues at these positions could be involved in making contacts with substrates directly or via water molecules.
From our current data, we propose that Wzx proteins have similar features to transporters of the major facilitator superfamily. This is based on the following: (i) the presence of at least four TM helices with charged amino acids, suggesting the possibility of a tertiary structure such that a core of TM helices interact with each other and are located further from the lipid bilayer, in an arrangement similar to that found for LacY (47) , and (ii) the functional requirement of charged residues at both sides of the membrane and in two TM helices, which could be important for creating an electrostatic cavity (2, 47) and perhaps even electrostatic interactions with the phosphate groups of Und-PP-linked sugars, which may in turn allow localized perturbation of the lipid bilayer to facilitate the movement of the Und-PP-linked saccharide substrate across the membrane. These possibilities are supported by previous results of in vitro studies of interactions between hydrophobic peptides with lipid vesicles containing isoprenoid phosphates and molecular modeling of isoprenoid phosphates in artificial membranes (58, 59) . Further experiments involving additional mutagenesis, neighborhood analysis of TM helices, and Und-PP-saccharide substrate binding assays are required to unequivocally identify functional regions of Wzx EcO157 based on an experimentally established topological model and to begin elucidating the mechanism of translocation.
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